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In order to investigate the cryoprotective mechanism of trehalose on proteins, we use molecular dynamics
computer simulations to study the microscopic dynamics of water upon cooling in an aqueous solution of
lysozyme and trehalose. We find that the presence of trehalose causes global retardation of the dynamics of
water. Comparing aqueous solutions of lysozyme with/without trehalose, we observe that the dynamics
of water in the hydration layers close to the protein is dramatically slower when trehalose is present in the
system.We also analyze the structure of water and trehalose around the lysozyme and find that the trehalose
molecules form a cage surrounding the protein that contains very slow water molecules. We conclude that
the transient cage of trehalose molecules that entraps and slows the water molecules prevents the
crystallisation of protein hydration water upon cooling.
T
he preservation of the structural and functional integrity of biomolecules under different thermodynamic
conditions is a key topic in current biophysical research1–3. One current research problem is how to best
preserve proteins, tissues, seeds, organs, and food at low temperatures2. The low temperature technology has
recently made substantial progress. One example is the ability to preserve at low temperature ovarian tissue from
women about to become infertile due to cancer treatment. This has contributed to the success of the orthotopic
reimplantation of the tissue leading to the birth of the first human baby after this procedure4,5.
Biomolecules are damaged by water crystallisation, but ice formation can be inhibited through the use of
cryoprotectant solutions. Dimethyl sulfoxide (DMSO) is an effective cryoprotectant but its biocompatibility is
limited. Thus often carbohydrates are the compounds of choice to prepare cryoprotectant solutions. In a number
of different pharmaceutical, food industry, and biomedical applications, biomolecules are immersed in glassy
matrices prepared using sugar, in order to achieve their long-term preservation. Among sugars, trehalose, a
naturally occurring disaccharide of glucose, has an extraordinary ability to preserve biomolecules3,6–10. Different
organisms naturally produce trehalose when exposed to such external stresses as dehydration or large temper-
ature changes11. Trehalose is also able to stabilise living cells when they are subjected to freezing temperatures12,13.
Although the properties of aqueous solutions of trehalose have been extensively investigated13–26, our under-
standing of the microscopic mechanism by which trehalose—and sugar in general—is able to protect against
freezing is incomplete. Understanding the microscopic dynamics of biomolecular aqueous solutions of carbohy-
drates is essential if we are to construct effective cryoprotectant solutions.
In both simulations and experiments on aqueous solutions of trehalose, a destructuring effect on the water
network was observed3,14–17. Using Raman scattering experiments, Branca et al.16 found that trehalose protects
against crystallisation when the temperature decreases because it deconstructs the tetrahedral hydrogen bond
network of water and inhibits the appearance of ice-forming hydrogen bond configurations. Trehalose affects not
only the structure of water but also the dynamics. When trehalose is present, the dynamics of water slows
dramatically17–23. Computational18,23 and experimental studies17,20,22 reveal that trehalose is able to introduce an
additional, slower, relaxation process in the dynamics of water due to its hydration layer.
Because the interaction between proteins and water crucially influences protein structure, dynamics, and
functionality27–30, understanding the interplay between water, trehalose, and proteins is necessary if we are to
understand the cryoprotectant nature of trehalose. Several hypotheses have been presented to explain the effec-
tiveness of trehalose in preserving proteins. In the water replacement scenario, first proposed by Crowe et al.31,32,
hydration water molecules are replaced by trehalose molecules that hydrogen-bond to biomolecules. The
vitrification (or mechanical entrapment) scenario, first hypothesised by Green and Angell33, assumes that the
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mobility of the biomolecule is inhibited because of the vitrification
upon cooling of the entire trehalose-water solution. Belton and Gil34
proposed a water entrapment scenario. Their Raman scattering
results indicated the possible formation of a cage of trehalose mole-
cules, able to contain slow water, around the protein. This allows to
maintain a high level of hydration and to smooth the motions of
the protein that would lead to denaturation upon cooling. Using
computer simulations Fedorov et al.35 recently hypothesised a broken
glass scenario in which the mobility of the protein is reduced by the
formation of trehalose non-uniform patches interacting with the
protein.
In this paper we present a molecular dynamics (MD) computer
simulation study of a system composed of the globular protein lyso-
zyme immersed in a solution of trehalose and water. The amount of
trehalose involved corresponds to a concentration w 5 40 wt% on a
protein-free basis, approximately 1.33 mol/l. Experiments have
shown that solutions with trehalose concentration greater than
1 mol/l are particularly effective in preserving biomolecules36.
Previous computational studies have also shown that the rela-
tive effect of trehalose on water dynamics becomes markedly notice-
able at the w 5 40 wt% threshold concentration19,37. Although
many contributions from experimental31,34,38–40 and computational
studies8,35,37,38 have addressed the properties of lysozyme-trehalose-
water ternary systems under different conditions and using different
techniques, we still do not have a complete picture.
We first focus on the dynamics of water. Using the simulation
trajectories recorded at atmospheric pressure and at T 5 300 K,
T 5 280 K, and T 5 260 K, we calculate the Fourier transform in
the (q, t) space of the density-density self correlation function known
as the self intermediate scattering function (SISF) Fs(q, t). From this
quantity we extract the relaxation times. The correlation function F
obtained from the entire system is compared to the same function
computed when either the first or the first and second hydration layers
around the trehalose are excluded. We then compute the SISF inside
hydration layers close to protein and compare the results to a ‘‘treha-
lose-free’’ solution of water and lysozyme.We find that when trehalose
is present in the system, a dramatic slowing down of water in the
hydration layers around the lysozyme occurs. We also investigate the
structure of water and trehalose around the centre of mass (COM) of
the protein and their coordination numbers. The study of the structure
shows that a cage of trehalose molecules forms around the protein.
Results
Dynamics of water. In liquids at ambient temperature the SISF
exhibits an initial Gaussian decay followed by an exponential decay
fromwhich the relaxation time of the system can be extracted.When
a liquid is cooled so rapidly it avoids crystallisation (is supercooled),
it approaches the glass transition temperature. Following glass
transition theory the liquids show, upon supercooling, a two-step
relaxation behaviour. After a short ballistic regime, the SISF
reaches a plateau corresponding to the molecules rattling inside
the transient cage formed by neighbour molecules that have
slowed down because of the supercooling. On longer time scales,
the SISF decays following a stretched exponential relaxation, the ‘‘a
relaxation’’, during which the cage relaxes. Computer simulations on
the SPC/E model41,42 show that in supercooled bulk water the SISF
can be fit to the equation
FS qmax,tð Þ~ 1{fqmax
 
exp {
t
tshort
 2" #
zfqmax exp {
t
ta
 ba" #
ð1Þ
where qmax 5 2.25 A˚21 at the peak of the oxygen-oxygen structure
factor. The Gaussian term describes the first relaxation process of
the particle trapped in the cage formed by its neighbours and its
relaxation time is tshort. The second term refers to the a relaxation.
It has the form of a stretched exponential, also known as the
Kohlrausch-Williams-Watts (KWW) function, typical of glass
formers, and the associated relaxation time is ta. The coefficient fq
is the Debye-Waller factor and it is related to the cage radius.
Figure 1 shows the FS(qmax, t) for the bulk and for the lysozyme-
trehalose aqueous solution, ‘‘Lyz-Tr(aq)’’, at the three temperatures
studied, T 5 300 K, T 5 280 K, and T 5 260 K. We note that the
SISF of the Lyz-Tr(aq) system always decays on a longer time scale with
respect to the bulk at the corresponding temperature and shows glassy
features already at ambient temperature. Besides, for water in Lyz-
Tr(aq), already at ambient temperature, the correlation function F
shows not only the two-step relaxation behaviour but also an additional
tail at long times. Due to this tail a fit of the SISF for the Lyz-Tr(aq)
system can be obtained only adding to the two terms of Eq. 1 a slower
relaxation in the form of an additional stretched exponential term:
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Figure 1 | Self intermediate scattering function (SISF) of water in Lyz-
Tr(aq) and bulk water. The SISF of the oxygen atoms of water FS(qmax,t),
with qmax 5 2.25 A˚
21 at peak of the oxygen–oxygen structure factor, is shown
for water in the lysozyme–trehalose mixture, ‘‘Lyz-Tr(aq)’’ (red squares) and
for bulk water, ‘‘Bulk’’ (black circles) at (a) T 5 300 K, (b) T5 280 K and
(c) T 5 260 K. Black lines are fits to Eq. 1, red lines are fits to Eq. 2. The tails
of the correlation function FS(qmax, t) found for water in the Lyz-Tr(aq)
indicate the presence of an additional slower relaxation time with respect to
Bulk. Insets: for temperatures T 5 300 K, 280 K and 260 K, (top) the fits to
Eq. 1 show the change of the FS(qmax, t) with temperature for Bulk (black
lines); (bottom) the fits to Eq. 2 show the change of FS(qmax,t) with
temperature for water in the Lyz-Tr(aq) (red lines).
www.nature.com/scientificreports
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This functional form was first proposed by Magno and Gallo18 for
aqueous solutions of water and disaccharides. The additional term
was ascribed to the slower relaxation due to water in the hydration
shell of the sugars and it is characterised by a relaxation time tlong
longer than the a relaxation time.
Figure 1 also shows how the SISF of bulk water fits Eq. 1 and the
SISF of Lyz-Tr(aq) fits Eq. 2. Note that both fits are excellent. The
insets show the temperature dependence of the fits of SISF of bulk
water to Eq. 1 and of Lyz-Tr(aq) to Eq. 2. Upon supercooling the
difference between the SISF of bulk water and of Lyz-Tr(aq) becomes
sharper as the stretching of the a and long relaxations in the Lyz-
Tr(aq) system become more pronounced. Supplementary Table S1
online provides the fitting parameters of the SISF FS(qmax, t) to Eqs. 1
and 2 in the cases shown in Fig. 1.
Figure 2 shows the temperature dependence of the fit parameters
of the SISF curves shown in Fig. 1. We plot the parameters ta and ba
of Eq. 1 for bulkwater and the parameters ta,ba, and tlong and blong of
Eq. 2 for water in Lyz-Tr(aq). In both bulk water and Lyz-Tr(aq) the
a-relaxation time ta increases with decreasing temperature with a
power law behaviour. Such behaviour is in agreement with the mode
coupling theory (MCT)43 of the glass transition, which predicts a
temperature behaviour ta 5 (T – Tc)-c for the a-relaxation time.
From the fits shown in Fig. 2 we find Tc 5 202.8 K and c 5 2.05
for bulk water and Tc 5 205.3 K and c 5 2.12 for water in the Lyz-
Tr(aq) system. Similar values have been previously found in aqueous
mixtures of sugars18.
As the temperature decreases the long relaxation time tlong exhi-
bits an increase that is approximately linear. At all temperatures tlong
is four to six times larger than ta. This indicates that water in contact
with the biomolecules possesses an additional relaxation time, much
larger than that caused by the cage formed by the neighbour water
molecules (a relaxation). Note that light scattering experiments on
trehalose aqueous mixtures20, supported byMD simulations23, find a
‘‘retardation factor’’ tlong/ta of approximately 6.0 at T 5 308 K. Our
results are in good agreement with this finding, in fact we find a
retardation factor of 5.7 at T 5 300 K. When we look at the relaxa-
tion times we find tBulka vt
Lyz{Tr(aq)
a vtLyz{Tr(aq)long ; the reverse is true
for the stretching parameters b for which bBulka wb
Lyz{Tr(aq)
a w
b
Lyz{Tr(aq)
long , at all temperatures. This indicates a progressively increas-
ing departure from the exponential relaxation going from the a
relaxation in the bulk to the long relaxation in Lyz-Tr(aq). In all
cases the temperature dependence of the stretching parameters is
approximately linear in the range of temperatures investigated.
Water close to hydrophilic confining surfaces such as silica
recovers a bulk-like behaviour when the layers closest to the surface
are excluded44–46. In those systems, the perturbation due to the sur-
face usually extends from 3 to 6 A˚.We have observed in our system a
total SISF that shows already a diversification of relaxation times
indicating a similar behaviour for biological water. To better char-
acterise it we now study in the following the dynamics of water in our
mixture by calculating the SISF that comes from excluding water
molecules in the hydration shells of trehalose.
Note that the number of water molecules surrounding the treha-
losemolecules in our system ismuch larger than the number of water
molecules surrounding the lysozyme. In fact in our system only one
lysozyme is present as opposed to 491 trehalose molecules so that in
the SISF of Fig. 1 the contribution coming from water around the
lysozyme is not statistically relevant. In fact, when only water in the
first hydration shell of the lysozyme is excluded from the computa-
tion of the FS(qmax, t), we find a behaviour very similar to the case
with no exclusions (see Supplementary Figure S1 online).
We define the first hydration shell (I) around the trehalose as that
composed of water molecules hydrogen-bonded to the trehalose. We
use a geometrical criterion to define whether a hydrogen bond exists.
A hydrogen bond exists if the donor (D) – acceptor (A) distance is
less than 3.4 A˚, and if the D-H-A angle is larger than 120u. This
criterion has been widely employed in defining the formation of
hydrogen bonds from simulation trajectories in aqueous solutions
of carbohydrates14,15,38,47. To define water that belongs to the first two
shells (II) around trehalose we take into account only distance: water
is said to be within the second hydration shell of trehalose if the OW-
OT distance is less than 5.8 A˚, where OW indicates a water oxygen
andOT a trehalose oxygen.We choose this distance by looking at the
secondminimum of the OW-OT radial distribution function (RDF).
The definition of these two shells is reminiscent of that used for water
close to hydrophilic silica surfaces44–46.
In Fig. 3 we compare at all three temperatures investigated, the
results for the FS(qmax, t) calculated excluding the first shell around
the trehalose (I*, where * indicates exclusion) and the first two shells
around the trehalose (II*) in the Lyz-Tr(aq) with the FS(qmax, t)
calculated for the Lyz-Tr(aq) with no exclusions and with the
FS(qmax, t) calculated for bulk water. These last two SISF were already
shown in Fig. 1. We see that when we exclude the first and then also
the second layer around the trehalose, the SISF of the Lyz-Tr(aq)
solution progressively approaches the bulk behaviour.
The insets in Fig. 3 compare the relaxation times ta and the
stretching exponent ba extracted from the fits in the different cases.
Figure 2 | Temperature dependence of the relaxation times and
stretching parameters in Lyz-Tr(aq) and bulk water. The relaxation times
and stretching parameters have been extracted from the fits of the SISF to
Eq. 2 for water in the lysozyme–trehalose mixture, ‘‘Lyz-Tr(aq)’’, and from
the fits of the SISF to Eq. 1, for bulk water, ‘‘Bulk’’. (a) For bulk, only the
a-relaxation is present with the corresponding relaxation time tBulka (black
solid circles) while water in Lyz-Tr(aq) displays both a-relaxation,
t
LyzTr aqð Þ
a (red solid squares) and a long relaxation t
LyzTr aqð Þ
long (blue solid
diamonds). Continuous lines are fits to the MCT power law (see text).
(b) Corresponding b stretching parameters bBulka for Bulk (black empty
circles) and bLyzTr aqð Þa (red empty squares) and b
LyzTr aqð Þ
long (blue empty
diamonds) for water in Lyz-Tr(aq).
www.nature.com/scientificreports
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When the first shell of trehalose is excluded, the FS(qmax, t) recovers a
one-relaxation (beyond the initial Gaussian term) behaviour and it
can be fit to Eq. 1 showing that the slow relaxation comes from water
molecules hydrogen bonded to the trehalose. However after the
exclusion of these water molecules the dynamic behaviour of water
remains significantly slower than in bulk water. In fact tI

a =t
Bulk
a ^1:4
at all temperatures. When two hydration shells around the trehalose
are excluded, the behaviour of the FS(qmax, t) approaches that of bulk
water, although a residual slowing down can also be seen, i.e.,
tII

a =t
Bulk
a ^1:1. The relaxation time ta and the stretching parameter
ba approach bulk values when the shells around trehalose are pro-
gressively excluded.
These results indicate that in our Lyz-Tr(aq) the additional long
relaxation time is primarily caused by the water molecules bonding
to the trehalose. A global slowing down of the dynamics of water
nevertheless remains evident when the first hydration shell is
excluded. Even when the first two shells around trehalose are
excluded, there is still a residual global slowing down, with water
dynamics being approximately 10% slower than in bulk water.
Supplementary Table S1 online provides the fitting parameters of
the SISF FS(qmax, t) to Eqs. 1 and 2 in the cases shown in Fig. 3.
To focus on the effect that trehalose has on the protein, we study
the dynamics of water close to the surface of the lysozyme in our Lyz-
Tr(aq) system and in a system without trehalose—‘‘Lyz(aq)’’—and
we compare it with the dynamics of water close to the surface of the
trehalose molecules.
Figure 4 shows the FS(qmax, t) calculated for water in the vicinity of
trehalose and lysozyme in our Lyz-Tr(aq) and Lyz(aq) system. In
order to have sufficient data to calculate the SISF for water in the
shells close to lysozyme and trehalose molecules we now consider
water oxygen atoms located# 4 A˚ and# 6 A˚ from every trehalose or
lysozyme atom (see also Refs. 48 or 49). We compare the results
obtained from the system containing trehalose and lysozyme, Lyz-
Tr(aq) with the ones obtained from the system containing lysozyme
only, Lyz(aq).
We show in Fig. 4 that water in contact with the trehalose or with
the lysozyme and at both distances considered (4 A˚ and 6 A˚) exhibits
a slow relaxation behaviour. Note that water# 4 A˚ and# 6 A˚ from
the lysozyme decays much more slowly in the Lyz-Tr(aq) system
than in the Lyz(aq) system.
The SISF computed # 4 A˚ from the lysozyme in the Lyz(aq)
system is very similar to the SISF # 4 A˚ from the trehalose in Lyz-
Tr(aq), and the SISF computed # 6 A˚ from the lysozyme in the
Lyz(aq) system to the SISF computed considering water# 6 A˚ from
the trehalose in Lyz-Tr(aq) (which is also similar to the average SISF
of the Lyz-Tr(aq) system).
We also fit the curves to extract the relaxation times and the related
stretching parameters. Because of the slow decay rate for this par-
ticular SISF and of the limited size of the shells, we were not always
able to determine whether a slower second relaxation was present.
Thus we used either Eq. 1 or Eq. 2, depending on the particular SISF.
Supplementary Table S2 online provides the fitting parameters of the
SISF FS(qmax, t) to Eqs. 1 and 2 in the various cases shown in Fig. 4.
This analysis shows that water in contact with lysozyme in the
Lyz(aq) system has a dynamic behaviour similar to water in contact
with trehalose in the Lyz-Tr(aq) system, while water in contact with
lysozyme in the Lyz-Tr(aq) system is much slower. For example,
water # 6 A˚ from the surface of the lysozyme in Lyz-Tr(aq) is
approximately 4 times slower than when no trehalose is present at
T 5 300 K and it becomes approximately 6 times slower at T 5
260 K.
Note that when trehalose is present in the system, water in contact
with lysozyme slows and crystallisation is more easily avoided.
Following our analysis of structure reported in the following section,
we will comment further on the origin of this slow dynamic beha-
viour close to lysozyme. Recent experimental results on the dynamics
of water in lysozyme solutions50 were interpreted in terms of two
relaxation processes, the second caused by water in the hydration
shell of lysozyme. Note that the slower relaxation of the lysozyme
hydration water in the presence of trehalose agrees with recent
experimental and simulation results38 on the lysozyme-water hydro-
gen bond dynamics in lysozyme and trehalose glassy matrices.
Structure. In considering the structure of water and trehalose
molecules around the protein we first examine the RDF of water
around the lysozyme in both the Lyz-Tr(aq) and Lyz(aq) systems.
We then examine the density profile of trehalose around the protein
in the Lyz-Tr(aq) system.
Note that geometrically the lysozyme, a globular protein, has an
ellipsoidal shape withmajor/minor axes of approximately 453 263
Figure 3 | SISF of water with progressive exclusion of the hydration layers
around trehalose. FS(qmax,t), of the oxygen atoms of water with
progressive exclusion of first hydration layer, ‘‘Lyz-Tr(aq) – I*’’ (green
triangles up), and the first two hydration layers. ‘‘Lyz-Tr(aq) – II*’’ (blue
triangles down), around trehalose in the Lyz-Tr(aq) system, at (a) T 5
300 K, (b)T5 280 K and (c)T5 260 K. Solid lines are fits to Eq. 1 for Lyz-
Tr(aq) – I* (green) and Lyz-Tr(aq) – II* (blue). The fits of the FS(qmax, t)
for bulk water, ‘‘Bulk’’ (black dashed lines) and for water in the Lyz-Tr(aq)
with no exclusions, ‘‘Lyz-Tr(aq) – Tot.’’ (red dot-dashed lines) are also
replotted from Fig. 1 for comparison. The behaviour of the FS(qmax, t)
progressively approaches the bulk behaviour when the layers around the
sugar trehalose are excluded, with the disappearance of the long time
relaxation. Insets: (top)a-relaxation time ta for bulkwater and for water in
Lyz-Tr(aq) excluding the first, I*, and the first two, II*, hydration shells
around trehalose; (bottom) ba stretching parameters for bulkwater and for
water in Lyz-Tr(aq) excluding the first, I*, and the first two, II*, hydration
shells around trehalose.
www.nature.com/scientificreports
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26 A˚51. With this in mind, we examine the RDF of the the oxygen
atoms of water molecules, around the COM of the lysozyme at T 5
300 K, T 5 280 K, and T 5 260 K. In order to study the structure in
the region proximal to the lysozyme and for the sake of comparison,
we consider the two distances that approximately correspond to the
semi-axes of the protein r 5 13 A˚ and r 5 22.5 A˚ and one larger
distance r 5 30 A˚.
Figure 5 shows the lysozyme-water, ‘‘Lyz (COM)-OW’’, RDFs for
T 5 300 K, T 5 280 K, and T 5 260 K. The results for Lyz-Tr(aq)
system are compared with those of the Lyz(aq) system. Note that in
both cases somewatermolecules penetrate deep inside the ellipsoidal
region defined by the lysozyme. The RDFs begin to increase at the
minor semi-axes distance r 5 13 A˚ and reach an approximately
stable value near the major semi-axis distance r 5 22.5 A˚. Overall
in Lyz-Tr(aq) the shape of the RDFs remains similar at the three
temperatures, but the water content between the two semi-axes
distances increases when the temperature decreases [see Fig. 5(c)].
When compared to the Lyz(aq) system the RDFs of water around
the lysozyme show a more corrugated behaviour and a reduction
of the height, especially in the region between the two semi-axes
distances.
To quantify the number of water molecules close to the lysozyme
surface we calculate the coordination numbers by integrating the
RDFs. Table 1 shows the lysozyme-water coordination numbers in
both Lyz-Tr(aq) and Lyz(aq) systems. We also show in the same
Table the lysozyme-trehalose coordination numbers of the Lyz-
Tr(aq) system. In the latter case the COM of the trehalose is
considered. In order to compare the same regions also for the
trehalose we consider here r 5 15 A˚, slightly larger than the protein
minor semi-axes distance, r 5 22.5 A˚, the protein major semi-axis
distance, and r 5 30 A˚. From the coordination number values of
water, nOW, we can see that the number of water molecules at the
considered distances always increases with decreasing temperature.
Looking at the coordination number of trehalose nTr we observe that
the number of trehalose molecules at r 5 15 A˚ is very small, approxi-
mately 2, but already approximately 30 molecules of trehalose can be
found at the protein major semi-axis distance.
When we compare the coordination numbers of water nOW in the
Lyz-Tr(aq) and in the Lyz(aq) systems, we see that the presence of the
trehalose in the vicinity of the lysozyme lowers the number of water
molecules in the Lyz-Tr(aq) system. Note also that fluctuations
caused by themotion of trehalosemolecules increase the error estim-
ate for this system. The coordination numbers indicate that when the
temperature is lowered the trehalose rearranges while a layer of water
always hydrates the lysozyme.
To better characterise the distribution of trehalose molecules
around the lysozyme, we calculate the trehalose density profile and
from that we extract the density heat map. Figure 6 shows the tre-
halose density profiles and the corresponding 2D projection of the
density colour heat maps at all the temperatures investigated.
The density maps clearly show that there is a region close to the
protein where the density of trehalose is higher than average, signal-
ling the formation of a transient cage of trehalose molecules around
the protein. AtT5 300 Kwe clearly see an excess density of trehalose
in the region from < 17 A˚ to < 30 A˚ (with the lysozyme COM in
the centre). At T 5 280 K we see an excess density of trehalose from
Figure 4 | SISF of water inside the hydration layers of lysozyme and trehalose. FS(qmax, t) of the oxygen atoms of water calculated inside the hydration
layers close to the lysozyme and trehalose, at (a, d) T 5 300 K, (b,e) T 5 280 K and (c,f) T 5 260 K. (a,b,c) The left side panels show the SISF for
water within 4 A˚ from the atoms of trehalose, ‘‘Tr 4 A˚ [Lyz-Tr(aq)]’’ (empty orange squares), lysozyme, ‘‘Lyz 4 A˚ [Lyz-Tr(aq)]’’ (empty blue triangles) and
lysozyme when no trehalose is present, ‘‘Lyz 4 A˚ [Lyz(aq)]’’ (filled green diamonds). (d,e,f) The right side panels show the SISF of water within 6 A˚ from
the same molecules, with analogous labelling. In both cases the results are compared with the average behaviour in the lysozyme-trehalose system, ‘‘Lyz-
Tr(aq) – Tot.’’ (red dot-dashed line from Fig. 1), the system without trehalose, ‘‘Lyz(aq)’’ (filled grey circles) and with bulk water, ‘‘Bulk’’ (black dashed
line from Fig. 1). Lines are fits to Eq. 1 or Eq. 2 (see text).
www.nature.com/scientificreports
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< 17 A˚ to< 25 A˚. At T 5 260 K the density of trehalose is high very
close the lysozyme and up to < 30 A˚. At greater distances areas of
higher and lower density alternate. The excess density of trehalose
near the lysozyme is important because it signals a molecular crowd-
ing near the protein that slows the water dynamics and thus inhibits
the crystal formation.
Finally, Fig. 7 shows snapshots of 20 A˚ cuts of the system along the
x, y, and z directions and their projections on the y-z, z-x, and x-y
planes, respectively. The snapshots are taken at T 5 300 K but the
picture remains similar at lower temperatures. We can clearly see
that an approximate shell of trehalose molecules surrounds the
lysozyme.
The results for the structure of water and trehalose around the
protein indicate the existence of a layer of water packed between
the lysozyme and an approximate shell of trehalose molecules.
Dynamically, water molecules in the layer between the trehalose cage
and the lysozyme are slower than in bulk water. This layer contains
many water molecules that are in the lysozyme hydration shell and
thus have a slow dynamic behaviour (see Fig. 4).
Discussion
For all temperatures the dynamics of water is significantly slower in
the Lyz-Tr(aq) than in bulk water (Fig. 1). In particular, in the Lyz-
Tr(aq) system the SISF FS(qmax, t) shows two different relaxation
times, ta and tlong. The retardation factor tlong=ta^6 (Fig. 2) is
compatible with experimental and computational results for solu-
Figure 5 | Radial distribution functions (RDFs) of water around the lysozyme. RDFs of water around the COM of the lysozyme in the
Lyz-Tr(aq) system (black lines with gray shading to baseline) and in the Lyz(aq) system (red lines). We present the results at all three investigated
temperatures (a) T 5 300 K, (b) T 5 280 K and (c) T 5 260 K. The RDF at T 5 300 K for Lyz-Tr(aq) is reported in the bottom panel for comparison
(dashed line). The blue vertical lines mark the minor and major semi-axes (13 A˚ and 22.5 A˚) of the approximately elliptical shape of the lysozyme. Inset:
pictorial representation of a 20 A˚ 3 60 A˚ 3 85 A˚ cut of the simulation box of the Lyz-Tr(aq) mixture. The lysozyme is represented by a cartoon
highlighting of the secondary structure, trehalose molecules by orange bond sticks and water molecules by the blue spheres. The blue circles have radii
corresponding to the minor and major semi-axes of lysozyme.
Table 1 | Coordination numbers ofwater and trehalose
around the lysozyme. Coordination numbers of water mole-
cules, nOW, and of trehalose molecules, nTr, around the COM of
the lysozyme at r 5 15 A˚, r 5 22.5 A˚ and r 5 30 A˚ for all
simulated temperatures. The values of the coordination numbers
of water around the COM of the lysozyme in the ‘‘trehalose-free’’
system, nOW [Lyz(aq)], are also reported for comparison
T(K)
nOW nTr nOW
[Lyz (aq)] [Lyz (aq)] [Lyz aq)]
r 5 15 A˚
300 65.0 6 1.7 1.59 6 0.19 73.8 6 0.5
280 66.5 6 1.5 1.68 6 0.18 90.1 6 0.8
260 66.8 6 0.4 1.959 6 0.042 93.3 6 0.7
r 5 22.5 A˚
300 635.1 6 6.4 33.55 6 0.94 1026.8 6 0.6
280 702.0 6 4.2 27.66 6 0.25 1042.1 6 0.9
260 717.4 6 4.3 27.67 6 0.54 1057.6 6 0.6
r 5 30 A˚
300 2144 6 12 87.25 6 0.97 3159.9 6 0.7
280 2220 6 16 83.5 6 1.2 3230.9 6 0.7
260 2225 6 13 85.49 6 0.87 3257.8 6 0.9
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 3 : 1218 | DOI: 10.1038/srep01218 6
tions of trehalose20,23. This lends support to the vitrification hypo-
thesis in that the appearance of a very slow, glass-like dynamics for
water could inhibit the protein molecular motions and thus help
preserve protein conformations.
Water residing in the first shell of trehalose (Fig. 3) is the major
contributor to the slowing of the dynamics. When this water is
excluded from the computation of the Fs(qmax, t), a one-relaxation
behaviour is recovered, albeit much slower than in bulk water. When
the second shell of trehalose is also excluded, the behaviour of the
SISF approaches the behaviour of bulk water, with a residual slowing
down. Thus, as previously observed17,18,20,22,23, trehalose introduces a
further relaxation time in the dynamics of water.
Studying the SISF for water molecules residing close the lysozyme
in the Lyz-Tr(aq) (Fig. 4), we see that this dynamic behaviour is
extremely slow, much more so than in water close to the lysozyme
when no trehalose is present. Thus the presence of trehalose induces
a major general slowing down but the strongest effect is for water
close to the lysozyme.
The study of the structure around the protein (Figs. 5, 6, and 7)
suggests a picture in which a cage of trehalose molecules containing
hydration water is formed around the lysozyme. Note that, when the
temperature decreases, the amount of slow water close to the protein
increases (Table 1).
We now further test the hypothesis that the formation of a cage of
trehalose molecules induces the presence of slow water close to the
lysozyme. Figure 8 shows the SISF computed for water within a
sphere of 30 A˚ from the centre of geometry (COG) of the lysozyme,
or from outside this sphere, at the three temperatures investigated.
We select the distance 30 A˚ after examining the density maps of the
trehalose molecules around the lysozyme shown in Fig. 6. Although
there are changes with temperature in the density profile, we use 30 A˚
at all temperatures for the sake of comparison. We compare the
results with those of the Lyz(aq) system, and find that in Lyz-
Tr(aq) water contained within the 30 A˚ distance from the lysozyme
COG is slower than the average of Lyz-Tr(aq) and dramatically
slower than in the same region in the Lyz(aq) system. In both cases,
water outside the 30 A˚ region exhibits a behaviour that is slightly
faster than that of the average SISF of the corresponding system.
Thus the presence of trehalose causes the formation of a region
around the lysozyme in which water is much slower than average,
and this is consistent with previous dynamic and structural results. In
the case of the lysozyme-trehalose system the points have been fit to
Eq. 2, while in the case of lysozyme only to Eq. 1. The list of the
parameters of the fits is presented in the Supplementary Table S3
online.
Globally, our results point to the water entrapment scenario in
which very slow water is packed between the protein and a cage of
trehalose molecules. Note that Lins et al.8 indicated the formation of a
cage of trehalose molecules around the lysozyme containing a thin
layer of water, in MD simulations performed at a lower trehalose
molarity than ours. They studied a 0.5 M trehalose aqueous mixture
with lysozyme using a different force-field, at ambient conditions and
on a shorter time scale than ours. Together with the formation of the
cage of trehalose molecules, we note that the presence of trehalose
introduces a glass-like behaviour into the water dynamics. This would
seem to indicate that the water entrapment and vitrification scenarios
are not mutually exclusive. Note that some trehalose molecules move
very close to the lysozyme, with a possible substitution of water in
some hydration sites around the protein as hypothesised by the water
replacement scenario. To determine whether the water replacement
or broken glass hypotheses are relevant here, we would need to ana-
lyse trehalose-lysozyme interactions in detail52. This would be an
interesting focus for future work. In order to determine whether
different scenarios take place at different concentrations of trehalose,
Figure 6 | Density profile of trehalose molecules around the lysozyme and colour heat maps. (Top panels) Density profile of the COM of trehalose
molecules around the COM of the lysozyme at (left) T 5 300 K, (middle) T 5 280 K and (right) T 5 260 K. The density profile is obtained dividing the
number of trehalose molecules found between r and r 1 Dr by the volume of the corresponding spherical shell 4p[(r 1 Dr)3 2 r3]/3, with Dr 5 0.02 A˚.
(Bottom panels) Colour heat map (see scale on the right side) of the 2D projections of the density profile of trehalose molecules around the lysozyme. As
an example the density profile at T 5 300 K in the top left corner is coloured using the same scale.
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another possible future project would be to study to what extent our
results are trehalose-concentration dependent.
It will also be interesting to compare the mechanism of cryopre-
servation of trehalose to that of other antifreezing molecules. Many
living organisms, particularly those living at high latitudes (e.g. the
Arctic char fish), are able to produce antifreeze proteins which
inhibit the growth of ice formations and lower the freezing temper-
ature of biological fluids53. For example the spruce budworm protein
Figure 7 | Snapshots of the Lyz-Tr(aq) system. Snapshots of the Lyz-Tr(aq) system at T 5 300 K obtained performing 20 A˚ thick cuts (a) along the
x axis with its y–z projection; (b) along the y axis with its z – x projection; (c) along the z axis with its x – y projection. The lysozyme is represented by the red
ribbon, trehalose by the yellow spheres and water by the blue spheres.
www.nature.com/scientificreports
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allows this insect to resist at temperatures down to230uC54. Recently
a non-protein antifreeze compund has been also discovered in the
formof a sugar linked to a fatty acid component55. This is for example
exploited by the alaskan beetle, able to tolerate temperatures down to
260uC.
In summary, using MD simulations, we study the dynamic and
structural features of a aqueous mixture of lysozyme and trehalose
with a trehalose concentration w5 40 wt%.We carry out our invest-
igation at atmospheric pressure and at three temperatures, T 5
300 K, T 5 280 K, and T 5 260 K. We investigate the dynamics
of water by studying the SISF Fs(qmax, t), first looking at the whole
system and then progressively excluding hydration layers close to
trehalosemolecules and the lysozyme.We also investigate the relaxa-
tion behaviour of the SISF calculated within the hydration shells of
the sugar and of the protein. Finally we examine the structural prop-
erties by studying the distribution of water and trehalose molecules
around the COM of the lysozyme. The results point to a water
entrapment scenario in which very slow water is trapped between
the protein and a layer of trehalose molecules. This water keeps the
protein hydrated and inhibits crystallisation. We also observe an
overall slowing down of the water dynamics, which also inhibits
crystallisation.
Methods
We performMD all-atom simulations on the hen-egg lysozyme protein immersed in
amixture of water and a, a-trehalose. The system contains one lysozyme protein, 491
trehalose molecules and 13982 water molecules. The charges on the lysozyme
residues are neutralised adding 8 Cl2 counterions. The ratio of trehalose to water
molecules 1 : 28.5 corresponds to a weight percentage w 5 40 wt% (the protein and
ions are not considered), with the trehalose molarity being approximately
M^1:33 mol/l.
The geometrical structure of the lysozyme is obtained from crystallographic
experimental data56 (Protein Data Bank entry 193L). We take the bonded and
non-bonded interactions parameters for the lysozyme and for trehalose from the
CHARMM force-field for proteins57,58 and for sugars59,60, respectively. The water
solvent is modelled using the SPC/E potential61.
We obtain the initial configuration of the system by placing the lysozyme at the
centre of the cubic simulation box and distributing the other molecules at random
positions. After an energy minimisation run, we equilibrate the system for 4 ns with
the positions of the protein atoms restrained, after which the starting configuration is
produced. We study the system at three temperatures: T 5 300 K, T 5 280 K, and
T 5 260 K. At all temperatures we equilibrate the system for 10 ns before executing
the production run for another 10 ns (20 ns for the structure). We analyse the
dynamics in the hydration shells using further 1 ns production runs with a high
frequency of coordinates storage (every 0.1 ps).
The temperature is progressively lowered starting from the final configurations of
the higher temperature runs. The pressure is kept fixed at 1 atm. We control
temperature and pressure using weak coupling algorithms62. At all temperatures the
average density of the system is r^1:2 g/cm3.
The equations of motion are integrated using the Verlet leap-frog algorithm and a
time step of 1 fs. Periodic boundary conditions are applied. The cut-off radius for
non-bonded Lennard-Jones short ranged interactions is set at 10 A˚, and we use the
particle-mesh Ewald (PME) method to deal with the electrostatics. The package
GROMACS 4.5.363 is used to carry out the simulations.
For the sake of comparison, we also perform simulations at all temperatures on a
‘‘trehalose-free’’ system composed of the protein lysozyme immersed in 13982 SPC/E
water molecules and 8 Cl2 counterions, with simulation conditions identical to those
of the complete system. In the ‘‘trehalose-free’’ system, the average density is
r^1:02 g/cm3.We also conduct simulations on bulk water on a sample of 500 SPC/E
water molecules, with simulation conditions identical to the complete system, where
applicable.
We study the dynamics of water by calculating from the trajectories of our simu-
lations the SISF of water oxygen atoms, FS(q, t). The SISF is defined by
FS q,tð Þ~ 1N
XN
i~1
eiq: ri tð Þ{ri 0ð Þ½ 
* +
ð3Þ
where N denotes the number of atoms, q the transfer momentum, and ri(t) the
position of atom i at time t.
The brackets   h i indicate the average overall time origins. The correlation
function F is calculated for jqj 5 qmax 5 2.25 A˚21 at the peak of the oxygen-oxygen
structure factor.
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